In this paper, a lattice Boltzmann model is applied to simulate the phase transition of nanofluids. The phase transition in t his model is achieved by an interparticle pseudo-potential, which is based on the brown motion of nanoparticles in the base fluid. Using this model, the vapor-liquid flow pattern maps are obtained, and the mass change of vapor and liquid phases is also analyzed. The simulation results show that heat transfer ability of nanofluids is enhanced with particles. However, with the nanoparticle size increasing, the heat transfer ability of nanofluids becomes weak. These results agree well with experimental results.
INTRODUCTION
Due to their high thermal conductivity, the nanofluids have extensive application potential in terms of strengthening heat transfer [1] . To study the heat transfer of nanofluids, lots of experiment research have been done in recent years: Ahmad et al [2] have shown that nanoparticles can strengthen the convective heat transfer in laminar flow under a constant heat flux; Sarit and Kedzierski et al. [3, 4] got the similar results that the nanoparticles can greatly improve the heat transfer ability; Zhang et al. [5] farther investigated the influence of particle size, and discovered that the smaller the particle size, the higher heat transfer coefficient. The influence of nanoparticles on the nucleate boiling was also studied by researchers. However, Bang et al. [6] found that, instead of improving the heat transfer, the nanoparticles deteriorated the heat transfer in nucleate boiling.
Besides of experiment research, numerical simulation has been applied to study the detail of the properties of nanofluids in these years: Xiao et al. [7] found that the heat transfer capability of nanofluids is much stronger compared with the pure fluid, they also pointed out that the smaller the diameter of nanoparticles, the more effective the heat transfer; Xuan [8] 's considered the influence of the interaction potential between particles and brown force, and also found that the Brownian motion of nanofluids can enhance the energy transfer.
In these simulation, since the base fluid is single phase, nanofluids are generally considered as homogeneous fluids in the analysis of heat transfer enhancement, namely the parameters of nanofluids are obtained from the parameters of nanoparticles and base liquid. However, for a two-phase medium, there are interphase drag force, brown force, force caused by potential energy, gravity and other complex forces between the nanoparticles and base fluids, which makes the fluid system much complex. In this case, the nanofluids cannot be considered as homogeneous fluid, and homogeneous model is no longer suitable for the nanofluids with two-phase medium [9] .
To numerically investigate the influence of nanoparticles on the two-phase fluid, we can add the nanoparticles' influence in a multiphase numerical model. The method to simulate two-phase fluid we applied here is lattice Boltzmann method. Compare with traditional numerical method, it has many advantages in multiphase simulation such as simple implementation, good concurrency, and simple boundary treatment, etc.
In this paper, a nanofluids phase change model is established based on the lattice Boltzmann method, and phase change process of nanofluid in a vertical tube is simulated. In this simulation, the multi-component LBM model [10] and the S-C model [11] are applied. Then simulation results are compared with available results in references [12] . The mechanism of nanofluid heat transfer enhancement is also explained based on the results.
NUMERICAL SIMULATIONS

Lattice Boltzmann model for nanofluids
The evolution equations for nanofluids [13] :
where   is the dimensionless collision-relaxation time constant of the  th component of the fluid, i e is the lattice velocity vector, the subscript i represents the lattice velocity direction, and
is the population of the particles of  th component with velocity i e at lattice x and time t. The nanofluid is a suspension consisting of nanoparticles and a base liquid, =1, 2  ,
is the equilibrium distribution function which should be carefully selected. Corresponding to the D2Q9 model, the single-particle distribution function in the equilibrium state is given as:
where i w is the weight coefficient.
 is the local number density of the  th component, the mass density and velocity of the  th component can be expressed as:
where m  is the molecular mass of the  th component. As previously mentioned, the nanofluid is a colloidal suspension consist of nanoparticles and the base fluid. Since the diameter of nanoparticles are much smaller than the lattice length, the shape of the nanoparticles is neglected, only their force influence is considered. We assumed F  is the vector sum of all forces acting on the  th component in per unit lattice volume. For nanoparticles, F  includes buoyancy, gravitational force, Brownian force, drag force and dispersion force resulting from the repulsive potential. For the base fluid, F  is mainly composed of the reaction of drag force and Brownian force. These forces are given as follows:
(1) Drag force [14] :
where  is the viscosity of the fluid, and u  is the velocity difference between the particle and the fluid, p r is the radius of the suspended nanoparticle.
(2) Brownian force [14] :
where B k is the Boltzmann constant, and T is the absolute temperature of the fluid, D is the diffusion coefficient of nanoparticles, t  is the time step of Gaussian movement.
The forces acting on the fluid molecules in a given lattice can be expressed as the reaction of the drag force and Brownian force:
Potential force term for nanofluid
In order to simulate phase change, the potential force must be considered. For the pseudopotential model, the pseudopotential function is given as follows [11] :
where ( If only considering the isotropic interaction between neighboring nodes, then Green function can be expressed as:
Others (8) where
x , x , () G   x, x is the interaction strength between  th and  th component. Then the particle interactions of  th component can be chosen as:
In a false potential model, the influence of the interaction force between particles is reflected by changing the equilibrium velocity in the equilibrium distribution function. The new equilibrium velocity is given by:
To ensure the collision momentum conservation, the following relation must be satisfied:
The real speed can is given by:
In case of nanofluid, the forces acting on the base fluid include: resistance, brown force and repulsive force between the molecules. So the Eq. (10) can be written as [15] :
where F  is the sum of the force vectors in the unit volume grid. 1
  , F
 represents the force acting on base fluid, including: resistance, brown force, repulsive force between the molecules and gravity. 
RESULTS AND DISCUSSION
To investigate the phase transition in the vertical tube under the constant heat flux, the modified lattice Boltzmann model is applied to simulate the process of phase change in isotheral condition. The simulation system is in a range of 100×800 lattice sites. In the simulation, the density given by 0 8   , the relaxation time is chosen as =1
 , and the gravitational acceleration is given by 0.00003 g  . All physical quantities is dimensionless. Periodic boundary scheme is applied on upper and lower boundaries, while the left and right boundaries are the bounce-back boundary scheme. Initially, the area was filled with liquid. In order to enable the equation to be evolving, the heat was given a disturbance of 1%. Figs.1, 2, 3, 4 are the vapor-liquid two phase diagrams of pure liquid and nanofluid with different particle diameter, respectively. In these figures, the white part is the vapor, meaning the formation of bubbles; and black part is the liquid. As we can see in these figures, the process of the bubble growth for all these conditions are similar: small bubbles begin to form on the walls firstly, and then the small bubbles continuous integrate into large bubbles. The hollow bubble rate in the whole area is increasing.
Time Steps 1000 5000 8000 10000 11000 12000 13000 14000 In the case of pure fluid ( fig. 1) , the entire changing processes of flow patterns are similar with flow patterns in the heating vertical pipe, since it also experienced the bubble flow (1000-10000), the slug flow (11000), the mass flow (12000-13000) and mist flow (14000). Bubble flow [16] : there is a continuous liquid phase, and the gas phase is dispersed as bubble within the liquid continuum. The bubble travel with a complex motion within the flow may be coalescing and are generally of non-uniform size; Slug flow: This flow regime occurs when the bubble size tends toward that of the channel diameter and characteristic bullet-shaped bubbles are formed; Mass flow: interrupted liquid phase with chaotic gas distribution; Mist flow: in which the velocity of the continuous gas phase is so high that it reaches as far as the tube wall and entrains the liquid in the form of droplets.
Vapor-liquid flow patterns of nanofluid mainly are bubble flow and the massive flow, which is different from that of pure liquid from fig.2, 3, 4 . This phenomenon is the same as the experimental results of Ref. [12] . The reason is that the motion state and bubble layer structure of thermal boundary layer near heating surface have been changed, because of the addition of nanoparticles. To further investigate the influence of particle size on the boiling process, we also compared the liquid mass and the vapor mass evolution based on the simulation results. The effect of particle diameters on the liquid mass and vapor mass are shown in Fig. 5 and Fig. 6 , respectively. By comparing Fig.5 with Fig.6 : we can find that for the same time step, the quality of vapor in the nanofluid is higher than that of pure liquid. Besides under the same condition, the smaller the diameter of nanoparticles, the higher the vapor mass produced. These results show that the heat capacity of nanofluid is better than that of pure fluid, and with the increase of nanoparticle diameter, heat effect will be gradually weaker. The reason is that the physical properties of working mediums are changed by the addition of the nanoparticles, result in the ability of thermal conductivity being strengthened, and the formation and growth of bubbles on the heating surface are also improved. So boiling heat transfer is enhanced [17] . At the same time, the disturbance in the thermal boundary layer near the heating surface is enhanced by the Brown motion. Hence, as the particle diameter decreases, Brown motion tends to be fierce, resulting in heat transfer increasing.
CONCLUSIONS
This paper established a lattice Boltzmann model which is suitable for simulation of phase change process of the nanofluid, and the reaction of nanoparticles on liquid phase was numerically investigated. Some conclusions can be obtained based on the simulation results:
(1) As a new working medium, the heat transfer ability of nanofluid is stronger than that of pure liquids; (2) With the increase of the nanoparticle size, the heat transfer ability of nanofluids become weak. This article explains the heat transfer mechanism of the experiments in Ref. [12, 17] , and the proposed model is verified to be able to simulate heat transfer with phase change of nanofluids. However, quantitative comparison and analysis with experiments are still need to be further studied, and the particles are treated as points with the shape ignored in this article, so there is a certain deviation with actual situation.
